The emergence of order in far-from-equilibrium systems is often accompanied by the formation of spatially asymmetric patterns. About 30 years ago, a general mechanism to select a chiral solution by coupling a reactiondiffusion system to an external chiral electric field was proposed by Nicolis and Prigogine [Proc. Natl. Acad. Sci. USA 78, 659 (1981)]. However, no experimental or even numerical evidence in reaction-diffusion systems has been reported yet. Here we report a chiral symmetry-breaking phenomenon in a reaction-diffusion system coupled to a circularly polarized electric field (CPEF). Specifically, we show that the CPEF breaks the zero-rotation chiral symmetry between clockwise and counterclockwise spiral defects and that ordered spiral waves with preferred chirality arise from defect-mediated turbulence. The occurrence of such chiral symmetry breaking can be understood by the competition between spiral defects with opposite chirality.
I. INTRODUCTION
Chirality, meaning left or right handedness, is a property of asymmetry playing significant roles in several branches of science, from particle physics to biological systems [1] . The occurrence of single chirality, a process termed chiral symmetry breaking, is ubiquitously observed and remains a fundamental question still not fully explained. To date, several mechanisms responsible for the selection of chirality have been put forward [2] [3] [4] [5] [6] [7] . One particularly interesting mechanism enabling nonequilibrium systems to select spatially asymmetric solutions with preferred chirality was proposed by Nicolis and Prigogine about 30 years ago [8] . Specifically, they stated that by coupling a reaction-diffusion system to an external chiral field, the entities of preferred chirality would arise. They further envisaged numerical experiments on the selection of chiral rotating waves as well as laboratory experiments in the celebrated Belousov-Zhabotinsky (BZ) reaction subject to a circularly polarized electromagnetic field. However, the real verification of such an idea in reaction-diffusion systems is still lacking.
Chemical reaction-diffusion systems can show rich spatiotemporal patterns. Spiral waves are one of the most fascinating examples in chemical media [9] [10] [11] [12] , and they have also been observed in cardiac tissue [13] , during aggregation of Dictyostelium discoideum amoebae [14] and in chicken retina [15] . More importantly, spiral waves and spiral turbulence due to the loss of stability are believed to account for tachycardia and fibrillation [16] [17] [18] [19] [20] [21] . One essential feature of the spiral wave is its topological defect (or phase singularity) that is closely associated with chirality of the spiral wave, i.e., rotating counterclockwise (ccw) or clockwise (cw). In general, both ccw and cw spiral waves can spontaneously arise from the given random initial conditions, and their behavior is physically identical. Particularly, in defect-mediated turbulence, e.g., due to the Doppler instability of spiral waves [22, 23] , the spontaneous creation and annihilation of spiral defects occur; during such processes, the number of the defects with ccw or cw is approximately equal. In this sense, this kind of turbulence has zero-rotation chiral symmetry between ccw and cw spiral defects.
Chiral symmetry breaking caused by external influences like chiral forces or fields has received considerable interest, and significant progress has been achieved in diverse fields [5] [6] [7] [8] [24] [25] [26] [27] . For example, in the context of pattern formation, chiral symmetry breaking in spiral-defect populations in Rayleigh-Bénard convection was observed when the system rotated along the vertical axis [24] . In liquid crystals under a rotating magnetic field, it was found that the spiral frequency was sensitive to the spiral chirality and chiral symmetry breaking of spiral pairs thus would occur [27, 28] . But until now, chiral symmetry breaking in spiral-defect populations in reaction-diffusion systems under a chiral field has not been considered. In these systems, electric fields are frequently used as external fields that influence the transport of ions and thus produce pronounced effects on pattern formation [29] . Unfortunately, the electric field, regardless of dc or ac, is not a chiral field. Recently, a circularly polarized electric field (CPEF) that possesses chirality was theoretically proposed [30] and has been realized in the BZ experiment [31] . In this respect, the CPEF will allow us to study chiral symmetry breaking and to further test the validation of the idea proposed in Ref. [8] .
II. MODEL AND RESULTS
To study chiral symmetry breaking in spiral turbulence under an external chiral field, we use a generic reactiondiffusion system that reads
Here u and v represent concentrations of chemical species, and is the time ratio between u and v. f (u,v) and g(u,v) denote chemical kinetics chosen as Ref. [23] . Explicitly,
2 if 1/3 u 1. Equations (1) and (2) are derived based on the continuity equation, and the term E · ∇u represents the contribution of the electric field to the time rate of change of the concentration u. For more details, please refer to Refs. [32, 33] . E = E 0 cos(ω f t)i + E 0 cos(ω f t + ϕ)j represents the CPEF, which is generated by applying two ac electric fields perpendicular to each other by tuning the phase difference ϕ. For instance, as illustrated in Fig. 1(a) , ϕ = π/2 ( ϕ = 3π/2) corresponds to a cw (ccw) CPEF.
With the above choice of f (u,v) and g (u,v) , the system can demonstrate a variety of spatiotemporal patterns. Specifically, for a = 0.84 and b = 0.07, rigidly rotating spiral waves are found in the range of 0.01 < 0.06. At = 0.06, spiral waves begin to meander. Over the critical value c = 0.07, spiral waves start to break up via Doppler instability [23] and defect-mediated turbulence [refer to Fig. 1(a) ] arises. These scenarios are in good accord with the experimental observations in the BZ system [22] . Spiral chirality is identified by evaluating the value of the z component of ∇u × ∇v, i.e., (∇u × ∇v) z = (∂ x u∂ y v − ∂ x v∂ y u) at the defect location. Specifically, the positive and negative values correspond to cw and ccw spiral waves [34] , respectively. In the defect-mediated turbulent state, the number of ccw spiral defects, denoted by n cc [black dots in Fig. 1(a) ] is approximately equal to the number of cw spiral defects, denoted by n c (white dots). Hence, such a state has zerorotation chiral symmetry.
Breaking of chiral symmetry between cw and ccw spiral defects caused by the external CPEF is illustrated in Fig. 1 . For example, by applying a ccw CPEF (taking ϕ = 3π/2) to the system with E 0 = 0.20 around the resonant frequency ω f = 1.25 ≈ ω t 0 (here ω t 0 is the characteristic frequency of defectmediated turbulence without the CPEF), a defect-mediated turbulent state undergoes the transition to an ordered state accompanied by the breaking of chiral symmetry. Specifically, one observes from Fig. 1(b) that the coherent state with only ccw spiral waves, the same chirality as the CPEF, dominates the system. While if we reverse chirality of the CPEF (e.g., by taking ϕ = π/2), only cw spiral waves would survive in an asymptotic state, as shown in Fig. 1(c) .
By comparing Figs. 1(b) and 1(c) with Fig. 1(a) , one may also notice the destruction of many spiral defects with the same chirality as the CPEF in addition to those with the opposite chirality. Possible causes for the destruction of the spiral defects being the same chirality as the CPEF may be the nonequivalent environment around which the spiral defects are initially located (e.g., some of spiral defects may have lots of other defects around them, while others may have less) and the different phase differences with the CPEF among spiral defects. These initial differences would lead to the unequal chance for the growth of spiral defects after switching the CPEF on. To show it clearly, we provide Fig. 2 under the ccw CPEF but with another choice of parameters, e.g., ω f = 1.35 and E 0 = 0.225. A short time later from switching on the CPEF [see Fig. 2(b) ], some ccw spiral defects (marked by the number) are found to grow faster than others (see white arrows as examples). Compared with the grown ccw spiral defects, the ungrown ccw ones are easier to be invaded by the waves emitted by other spiral defects. As a consequence, these ungrown ccw spiral defects would be swept continuously by the ccw grown ones and thus have less opportunity to grow further and survive. Thus in the final state, only a few spiral waves whose chirality is the same as the CPEF would survive, as shown in Fig. 2(c) .
To characterize and quantify the breaking of chiral symmetry, we introduce a chiral order parameter σ , with the definition of σ = (n cc − n c )/(n cc + n c ). If the system consists of almost an equal amount of the ccw and cw spiral defects, σ tends to be zero; if one of them is dominant over another, σ tends to be a value of +1 (for ccw spirals) or −1 (for cw spirals). σ (t) as a function of time is plotted in Fig. 3 . One sees from the plot that before applying the CPEF to the system, σ (t) fluctuates around zero (refer to the line in the white region before t = 1100), which means n c ≈ n cc . Once a ccw CPEF is applied, as time elapses, σ increases (see black dots) and tends to be +1. While for a cw CPEF, σ tends to be −1 (see white dots). The order parameter σ as a function of the electric strength E 0 for two different frequencies is typically depicted in Fig. 4 . We notice that σ is around zero and no chiral symmetry breaking is observed if E 0 is extremely weak, and that the state with chiral symmetry breaking occurs for a relatively large E 0 . Particularly, a state with completely breaking of chiral symmetry (corresponds to σ = 1 in this plot) is found when E 0 is beyond the thresholds.
These results suggest that the system, e.g., Eqs. (1) and (2), would capture the external asymmetry, and be likely to reorganize from a zero-rotation chiral symmetry state to a The similar results (though the structures of spatiotemporal patterns may be different) are also observed using different initial conditions. Other parameters are the same as in Fig. 1 . chiral asymmetry one that has the same chirality as the external field. In this sense, our finding shows the direct evidence of chiral symmetry breaking in a reaction-diffusion system subject to a chiral electric field, as predicted in Ref. [8] .
Systematic studies show that the phenomenon of coherent spiral waves out of defect-mediated turbulence accompanied by chiral symmetry breaking can be observed in a wide range of parameters of E 0 and ω f , as illustrated in Fig. 5 . This phase diagram shows that when E 0 is beyond some critical value, coherent spiral waves could arise and such spirals have the same chirality as the CPEF. The first occurrence of the transition from turbulence to coherent patterns is observed around the resonant frequency, i.e., ω f ≈ ω t 0 . It also demonstrates that as E 0 increases, the regime of ω f where coherent spirals with preferred chirality arise broadens. Additionally, it is worth mentioning that the frequency of the resulted coherent spirals is equal to that of the CPEF. In other words, the synchronous effect is observed.
How (or why) does the breaking of chiral symmetry occur in the system subject to a CPEF? It is very complicated to analyze the interaction between spiral defects in the turbulence case under the CPEF. However, defect-mediated turbulence can be treated as a state consisting of a large amount of spiral defects, particularly small meandering spiral pairs. In this sense, investigating the behavior of a meandering spiral pair subject to a CPEF would provide deep understanding of symmetry breaking observed in spiral turbulence. So below we will focus on the behavior of a meandering spiral pair under a CPEF.
An intermediate state of an initial meandering spiral pair ( = 0.065 and other parameters are unchanged) in the presence of a ccw CPEF is shown in Figs. 6(b) and 6(c) . The initial state is a perfect symmetry state as seen in Fig. 6(a) . In the absence of the CPEF, the domain size occupied by the ccw or cw spiral keeps almost constant, which reflects their identical spiral dynamical behavior. However, as one observes from Fig. 6(b) , the domain size occupied by the ccw spiral becomes larger (and larger) than the one by the cw spiral, once the system is coupled to a ccw CPEF with E 0 = 0.10 and ω f = 1.350 that is larger than ω ms 0 ≈ 1.309, the principal frequency of the meandering spiral without the CPEF. Furthermore, we can also show the symmetry breaking and the survival of a spiral wave with the same chirality as the CPEF for relatively large E 0 but ω f < ω ms 0 . An illustrated example is shown in Fig. 6(c) , where ω f = 1.307 < ω ms 0 and E 0 = 0.24 are taken.
Such breaking of chiral symmetry occurs due to the frequency shift of spiral waves caused by the CPEF. Specifically, the frequency of the spiral wave, denoted by ω s , is found to be synchronized with the forcing frequency ω f if the spiral wave and the CPEF have the same chirality. For example, in is insensitive to E 0 and almost keeps constant due to the synchronous effect; while for the cw spiral, the effect of the CPEF on spiral frequency seems nonneglectable for relatively strong E 0 (e.g., it would reduce ω cw s ). We wish to point out that in both simulations of Figs. 6(b) and 6(c), the cw spiral is pushed toward the boundary by the ccw one due to the frequency shift caused by the CPEF (e.g., ω ccw s > ω cw s ), but it can not be destroyed at the boundary for the parameters used in Figs. 6(b) and 6(c) . This may be due to the no-flux boundary effects. For instance, previous studies showed that the no-flux boundary would increase the rotating frequency of a spiral wave [35] and a spiral wave would be repelled by the boundary if it is put too close to the boundary [36, 37] . Such boundary effects, however, could be overwhelmed and the pushed spiral wave would be eventually destroyed at the boundary if we adopt a little larger forcing frequency, e.g., if we change ω f = 1.350 to ω f = 1.370 in Fig. 6(b) .
Based on the above scenarios, we could describe a mechanism underlying chiral symmetry breaking associated with the emergence of the coherent state from defect-mediated turbulence. Around the resonant frequency, spiral defects with the same chirality as the external field (i.e., CPEF) seem easier to adjust their rhythm to keep step with that of the external field. In the case of the ccw CPEF with ω f > ω t 0 , the frequency of the ccw spiral defects is elevated to ω ccw s = ω f due to the synchronous effect, and ω cw s is almost unchanged. As a consequence, the initial ccw spiral defects would grow via the competition with the cw ones. Finally, we mention that chiral symmetry breaking caused by the CPEF is not inconsistent with the topological charge conservation of spiral waves. It is known that topological charge should be conserved during the process of creation and annihilation of spiral waves. However, a topology charge can vanish in various ways, for instance, by moving to the no-flux boundaries of the medium [16, 34] . For our reaction-diffusion system with CPEF, there is a frequency shift between ccw and cw spiral waves. Due to this frequency shift, spiral waves with the lower frequency are suppressed by the faster ones and most of them finally are swept via the boundaries. Thus, in a final state, one kind of topology charge (with the same chirality as CPEF) may be dominant over another one.
III. CONCLUSION
In summary, we have shown that chiral symmetry breaking can occur during the emergence of the coherent state from defect-mediated turbulence in a reaction-diffusion system. The breaking of chiral symmetry is due to the coupling of the system to a chiral field (i.e., CPEF), a fundamental mechanism put forward in Ref. [8] . Our findings can be well interpreted by the wave competition between spirals under the CPEF. Specifically, the CPEF would cause a frequency shift between ccw and cw spirals. For example, the frequency of the spiral with the same chirality as the external field is easy to be synchronized with that of the external field. Finally, it is worth pointing out that the CPEF has been implemented in real experiments, particularly in the celebrated BZ reaction where the Doppler instability similarly modeled by our used reaction-diffusion system was observed. In this sense, all of our results are highly possible to be observed in chemical experiments such as the BZ reaction.
